Effect of cold-rolling and annealing time on the microstructure, hardness and the tensile properties of Haynes 25 superalloy at room-temperature and 760 °C were investigated in this research. Hot-rolled and solutionized alloy of Haynes 25 was subjected to cold-rolling with different amounts of reductions, i.e. 5%, 10%, 20%, 30% and 35%. After that, all cold-rolled samples were annealed at 1230 °C for a period of time from 2 to 120 min. Microstructural analysis showed that for annealing time range from 30 to 120 min, the rate of grains coarsening remained approximately stable in all cold-rolled samples. On the other hand, the hardness results showed that expected decreasing trend of hardness did not occur after annealing of the cold-rolled samples at 1230 °C; on the contrary, hardness increased moderately in the range time from 10 to 120 min. Tensile properties after annealing of the cold-rolled samples at room temperature and 760 °C decreased. Loss of the tensile properties can be related to the high annealing temperature. According to the experimental results, decreasing trend of tensile properties and increasing trend of hardness is linked to the formation of hcp phase after annealing at 1230 °C for 30 min. Even though the hcp phase is a hard phase, the interface between fcc and hcp phases provides suitable sites for crack nucleation and propagation.
Introduction
Haynes alloy No.25 is a wrought, cobalt-based superalloy with a nominal chemical composition (wt.%) Co-10Ni-20Cr-15W. This alloy maintains excellent hightemperature strength, good ductility and oxidation resistance up to 1093 °C. Some examples of its applications include: gas turbine engines, wear pads, blades, and etc. [1, 2] . Haynes 25 is typically solution treated between 1175 °C and 1230 °C followed by rapid cooling to form a single-phase, face-centered cubic (FCC) structure. The fcc phase is metastable so that carbides and other phases can precipitate more straightforward after mechanical working and intermediate temperature annealing. The strength and hardening behavior of this alloy have been attributed largely to solid solution effects and carbides [3, 4] .
Heat treating at temperature below 800 °C for prolonged time stimulates a loss of room temperature ductility in much the same as some other solid-solution-strengthened super alloys, such as Hastelloy X or Inconel 625 [5] . This behavior occurs as a consequence of the precipitation of deleterious phases. In the case of Haynes 25 alloy, this detrimental phase is Co2W laves phase [5] .
Haynes 25 exhibits excellent ductility and strong work hardening enabling either hot and cold working possible. At room temperature, this type of alloy possesses a high degree of strength and demonstrates a low degree of ductility due to cold-work dislocations storage [3, 5] . It should be noted that due to rapid work hardening, machining of this alloy requires more power compared to the plain carbon steels. Traditional machining methods and tooling, such as carbide tools or high-speed steel tools, can be used for Haynes 25. However, it is not suitable to use carbide tools while milling, drilling or tapping. In these cases, it is better to use only high-speed steel tools [6] .
Haynes 25 is a low stacking fault energy (SFE) alloy so that stacking faults (SFEs) are ordinarily observed in both deformed and undeformed material [4, 5] . The low SFE makes cross-slip and dislocation climb difficult; therefore, alloy deforms by planar glide and SFEs are the predominant defects in the microstructure [3] . Commonly, cold working is followed by annealing process which results in recrystallization. Controlling the grains size distribution during recrystallization can lead to a significant improvement in the mechanical properties: in one hand, fine grains enhance the alloy strength; on the other hand, large grains provide more ductility to avoid rupture over service [7] .
Koizumi et al. [8] and Tawancy et al. [9] have reported, it is highly likely that the transformation of fcc to hcp happens in alloys with low stacking fault energy. According to these findings, there is a strong likelihood that the stacking faults on every {111} atomic planes of γ-fcc will be transformed to {0001} plane of the ε-hcp phase; by changing the stacking sequence on the {111} planes of fcc phase from …ABCABC… type to …ABAB… type related to {0001} planes of hcp phase. This phenomenon is called strain-induced martensitic transformation (SIMT) which largely has been observed in fcc metals with very low FSEs, such as cobalt-based superalloys [8] .
The mechanical properties of alloys are affected by strain-induced martensitic transformation of the fcc phase [7] . Based on the research which was conducted by Lee et al. [7] , this phenomenon has a destructive influence on the tensile properties of alloys because of crack nucleation and propagation along the interface between the γ-fcc phase and the ε-hcp phase during tensile deformation.
In this paper, we reported the experimental results on Haynes 25 in the solutiontreated condition in the temperature range where Co2W laves phase and carbides, such as M7C3 and M23C6, do not form. The present investigation was carried out to measure the tensile properties of Haynes 25 alloy with emphasis on the role of cold working. Samples were cold reduced to various thicknesses and annealed at 1230 °C. The effect of cold working on the mechanical properties, including yield strength, ultimate tensile strength and total elongation, was determined from tensile tests at room temperature and 760 °C. Additionally, the effect of cold rolling and annealing time on the microstructure and hardness was studied to a certain extent.
Materials and Methods
A slab of Haynes 25 superalloy was produced using vacuum induction melting (VIM) furnace for casting and electro-slag remelting (ESR) technique for refining the alloy; the refined slab was hot rolled to the thickness of 16 mm at the temperature of 1200 °C and then was heat treated at 1230 °C for 1 hour.
With the aim of studding the effect of deformation on microstructure and mechanical properties, Haynes 25 superalloy was deformed by rolling to different thickness reductions (0, 5, 10, 20, 30 and 35%) at room temperature. After cold rolling (CR), specimens were annealed at 1230 °C for various times from 2 to 120 min and then were cooled in air.
The microstructure of the specimens was characterized by optical microscopy (OM). Metallographic samples were ground after mounting by emery papers and then polished and etched in the mixture of 30 ml HCl, 7 ml H2O and 3 ml H2O2.
Hardness was measured with Koopa UV1 (Universal Hardness Tester) under a load of 30 kgf. At least three indentations were made for each hardness measurement and the average hardness was reported.
The mechanical properties of the cold-rolled specimens were then measured by tensile test before and after annealing at 1230 °C for 30 min. The flat specimens were prepared for tensile testing at room temperature and 760 °C, according to ASTM E-8M and E-21 standards, with the tensile axis parallel to the rolling direction. All the tensile tests were carried out at a strain rate of 7 × 10 −7 −1 . The total elongation was determined by measuring the distance, before and after testing, between fiducial marks which were lightly scribed on the samples gauge lengths. Tensile tests were performed on a computer controlling universal tensile test system.
Results and discussion

Microstructure of Haynes25 superalloy
The typical micrographs of Haynes 25 superalloy, after 10% and 30% cold rolling and annealing at 1230 °C, were presented in Fig. 1 . As shown, by increasing the percentage of cold rolling a lower initial time was needed to finish the recrystallization process. Dark areas in Fig. 1a and 1b, exhibit slip bands, directional accumulation of dislocations in highly packed slip planes, which emerged after etching are evidence for zones not recrystallized.
An increase in annealing time from 20 to 30 min resulted in grain coarsening in 30% cold-rolled sample. However, in 10% cold-rolled specimen, as it can be seen in Fig. 1a and 1b, in spite of providing enough time for grain growth the average grain size decreased from 130 µm to 87 µm.
Variation of the average grain size for all cold-rolled samples after annealing at 1230 °C was indicated in Fig. 2 . This figure shows that there is a drop in the grain size of 10% cold-rolled specimen when annealing time increased from 20 to 30 min; this is in agreement with Fig. 1a and 1b. Also for the annealing time spectrum of 30 to 120 min, the rate of grain coarsening is crudely leveled out in all cold-rolled samples.
This decrease in grain size and a significant low pace of grain growth can be explained in terms of Zener pinning of grain boundaries [10] . According to this mechanism, hard particles, such as carbides, which have not been identified with conventional methods in this study, limit grain boundaries migration. When a boundary passes through an incoherent particle the portion of boundary that is inside the particle essentially stops to exist and in order to move on some new boundaries must be created. This is energetically unfavorable so that the region of boundary near the particle is pinned [10] . In this way, the grain growth is limited over annealing and the average grain size cannot increase significantly.
A natural trend of grain growth is observed in the microstructure of the samples which were cold rolled more than 10% (i.e. 20%, 30% and 35%). It should be noted that in specimens with the higher percentage of cold working may very fine particles formed that were not able to prevent grain boundary movement. 
Mechanical Properties of Haynes 25 Superalloy
Hardness In general, hardness increases with the level of cold-rolling reduction, due to the produced dislocations during cold-working [11] . For instance, after 10, 20 and 30 % thickness reduction, hardness increased from 250 HV30 in solution treated sample to 382 HV30, 480 HV30 and 523 HV30, respectively.
Changes in hardness of cold-rolled and annealed samples at 1230 °C with annealing time are presented in Fig.3 . The results show that annealing at 1230 °C causes a significant drop in hardness due to recovery and possible recrystallization as it has been reported [12] . Recrystallization is usually accompanied by a significant decrease in hardness. After initial decrease in hardness, it increased unexpectedly in 10%, 20% and 30% cold-rolled samples during annealing between 10 and 30 min; and finally it did not change significantly after 30 min annealing at 1230 °C. This increase also occurred in 5 and 35% cold rolled samples.
Fig. 3. Variations of hardness with annealing time for various amounts of cold rolling (a) 10, (b) 20, and (c) 30%.
This behavior has also been reported by Asgari et al. [13] . According to their founding, the grain size of 35% cold-worked and heat treated MP35N Ni-Co superalloy samples at 950 ºC for 2 h did not exhibit remarkable change with increasing time, but the hardness of these samples initially was increased up to 2 h and then became constant. TEM images of cold-worked samples showed that new hcp phase was formed after annealing at 950 ºC.
Moreover, it has been reported [8, 14, 15] that in Co-Cr-Mo superalloys martensitic transformation after heat treatment of cold-worked alloys can occur so that an hcp phase can be formed in fcc matrix.
According to the results obtained for the hardness in this study, it seems quite possible that for a time period between 10 to 30 min an hcp phase has formed in fcc matrix of Haynes 25 alloy and resulted to an increase in hardness. In other words, after 10 min, the hardness starts to increase continuously for a time period of approximately 20 min until the induced transformation got nearly saturated and after that the hardness remained relatively constant. Thus, based on the microstructural analysis and hardness results, it can be said that in 5, 10, 20, 30 and 35 % cold-rolled and annealed samples at 1230 ºC for 10-120 min, the new hcp phase was formed. Fig. 4 shows tensile flow curves of the hot-rolled alloy before and after solution annealing at 1230 °C for 1 h. Annealing was done in order to increase the ductility, hence improving cold workability of the alloy. After annealing, ductility increased by just over 13% which was due to the grain growth; the yield strength (YS) and the ultimate tensile strength (UTS) decreased from 665 MPa and 1210 MPa in the hotrolled sample to 406 MPa and 880 MPa in the solution annealed sample. Furthermore, as a consequence of annealing, the average grains size increased from 70 to 154 µm. This is in agreement with Hall-Petch equation [16] To understand work hardening behavior of the cold-rolled samples and the effect of heat treatment on the tensile properties, the yield stresses of the cold-rolled and annealed samples at 1230 °C for 30 min, and also the ultimate tensile strengths of both samples are presented in Fig. 5 . This figure shows that both YS and the UTS constantly go up with increasing rolling strain. This is evidence for a continues work hardening during cold-rolling process. By increasing the percentage of cold-rolling from 5 to 35% the YS and the UTS was raised from 432.5 MPa and 946.5 MPa to 1134 MPa and 1334 MPa respectively. As shown in Fig. 5 a, and 5 b, subsequent to the heat treatment at 1230 °C for 30 min the YS and the UTS for all amounts of cold rolled reduction, declined. Such a decrease in strength is mostly caused by reduction in e dislocations density due to recovery, recrystallization and occasionally grain growth [17] . It was expected that after heating the cold-rolled samples at 1230 °C for 30 min the tensile properties of the alloy were improved because of forming a fine microstructure over recrystallization process, particularly, in samples which had already been subjected to a higher percentage of cold-rolling; on the contrary, the YS and the UTS initially decreased and then remained approximately stable by increasing the proportion of cold rolling from 5 to 35%.
Tensile tests at room temperature (25 °C)
The tensile strength was not improved probably as a result of high annealing temperature which eliminated the effects of work hardening and stimulated grain coarsening. In 20, 30 and 35% cold-rolled samples, because of very large reduction in dislocations density after annealing for 30 min and a higher rate of grain growth, in comparison with 5 and 10% cold-rolled samples, high decrease of the mechanical properties is understandable.
In samples 5 and 10% cold-rolled, the effect of work hardening did not completely disappear after annealing at 1230 °C for 30 min, as shown in Fig. 1 a, and b . Probably there is a significant amount of dislocation in these samples comparing to other. In addition, as shown in Fig. 2 , the average grain size of 5 and 10% cold-rolled samples is considerably smaller than the other specimens after annealing for 30 min. Therefore, based on the Taylor's and the Hall-Petch equations [16, 18] the YS and the UTS of these samples should be enhanced, but this was not observed (Fig. 5 ). This behavior of the tensile properties can be attributed to SIMT phenomenon and the formation of the hcp phase in the fcc matrix, according to some literatures [7, 8] .
According to the research which was carried out by Lee et al. [7] and Koizumi et al. [8] , a significant amount of γ-fcc phase in cobalt-based alloys is maintained as a metastable phase after conventional casting or hot working process, particularly when their composition was not fully stabilized by nickel. Such metastable fcc phase tend to transform to stable ε-hcp phase during plastic deformation at room temperature. Fujita and Ueda [19] studied the formation mechanism of ε-hcp martensite using various TEM techniques, and have reported that the ε-hcp martensite plates stem from overlapping of wide stacking faults. Therefore, it is highly likely that fcc to hcp transformation occurred in Haynes 25 alloy.
Additionally, Lee et al. [7] reported that the formation of hcp plates in Co-CrMo-N alloys, annealed at 1120 °C for 1 h, has a detrimental impact on tensile properties and the fracture mechanism. The microstructure of these alloys consists of straininduced martensite transformation. Based on TEM observations, the fracture mainly developed at the interface between the γ-fcc phase and the ε-hcp martensite at annealing twin boundaries [7] . Thus, it was deduced that the annealing twin boundaries act as nucleation sites for SIMT in Co-based alloys. It is also well known that the grain boundaries are suitable sites for martensitic transformations [7] . In addition of cobaltbased alloys, it was indicated that in transformation induced plasticity (TRIP) assisted steels, cracking occurred at the interface between the SIMT phase and ferrite or between the SIMT phases [20] . In the case of non-ferrous alloys, crack or crack-propagation near the strain or stress-induced martensite developed at the grain boundaries [21] .
Furthermore, Asgari et al. [13] reported that after ageing of deformed MP35N alloy, a cobalt-nickel superalloy, at 600 °C for 4 h, solute segregation led to negative values of the stacking fault energy by Suzuki solute segregation to the stacking faults. By widening the SFs, it is highly likely to overlap each other and form ε-hcp plates in the fcc matrix. Additionally, depletion of the matrix from hcp stabilizing elements during the subsequent annealing process, increases the probability of the fcc to hcp transformation. In present research, the presented stress-strain curve, which is an evidence for Suzuki effect in Haynes 25, is in agreement with Asgari's findings.
The ε-hcp phase deteriorates the mechanical properties. However, being hard this phase increases the wear resistance of the alloy [7, 8] . In fact, there is a semi-coherent interface between γ-fcc and ε-hcp phases that can be ruptured easily during plastic deformation [7, 22] . This semi-coherent interface is associated with numerous atomic lattice misfits which can lead to crack development and fracture in the end. These atomic lattice misfits are mostly presented at the triple junctions which have both grain boundaries and annealing twin boundaries; these boundaries serve as nucleation sites for SIMT. Moreover, it should be noted that in cobalt-based superalloys rupture is mostly launched from {111} and {0001} planes of fcc and hcp structure, respectively [22] . Therefore, based on the above discussion, the strain-induced ε-hcp martensite, which is highly likely to develop at annealing twin boundaries in Haynes 25, can play an important role in declining the yield strength and the ultimate tensile strength in the present research. However, we could not identify these ε-hcp phases by conventional methods.
After annealing the cold-worked materials at 1230 °C for 30 min, a slight decrease in tensile ductility resulted as shown in Fig. 6 . It can be seen that the total elongation decreased moderately with increasing the percentage of cold-rolling. After annealing for 30 min, increase in the average grains size was noticeable starting from 20, 30 and 35 cold-rolled samples; therefore, it is expected that ductility rises with enhancing the percentage of cold-rolling and grain growth. However, the elongation decreased by 20% with the rise of the percentage of cold-rolling from 10 to 35%.
The decreased tensile elongation may be related to the transformation of fcc to hcp phase. As it was mentioned previously, there is a semi-coherent interface between the formed hcp phase and fcc matrix. Part of the coherency strain of this interface is relaxed by creating misfit dislocations; nevertheless, a large strain field still remains there, which can create a barrier for dislocations motion during plastic deformation [23] . Therefore, deformation hardly occurs and consequently the amount of elongation declines.
Decrease in ductility in 20%, 30% and 35% cold-rolled samples can be also understood by considering the prospect of overlapping stacking faults and annealing twins which increase with increasing the percentage of cold rolling [7, 8] . Therefore, there is a strong likelihood that a large amount of hcp phase is formed in high strains samples, leading to decrease in ductility. 
Tensile tests at elevated temperature (760 °C)
Tensile tests were conducted at 760 °C. The YS and the UTS of the hot-rolled sample before and after solution annealing at 1230 °C for 1h were measured. When the temperature increased from room temperature to 760 °C, the YS and the UTS were reduced by 37 and 43%, respectively, for the hot-rolled sample before it subjected to solution annealing. For the annealed sample, the YS and the UTS dropped from 406 MPa and 880 MPa at room temperature to 246 MPa and 479 MPa at 760 °C.
At room temperature deformation, , a small number of slip systems gets active and usually no mechanical twinning occurs during deformation, whereas at elevated temperature both mechanisms of deformation can get active [24] . Furthermore, annealing twins, formed during recrystallization in order to decline the surface energy, contribute to hardening as much as grain boundaries do. So, they are effective barriers to slip and cause an increase in the tensile properties of alloy at room temperature. However, dislocations can pass over annealing twins with cross slip mechanism because of more activation energy at elevated temperature. So that these obstacles will be no longer effective [17, 24] . In this way, the YS and the UTS suddenly drop at 760 °C. Fig. 7 shows the tensile properties of the all cold-rolled specimens (at 760 °C), after annealing at 1230 °C for 30 min. As it can be seen, the YS and the UTS experienced a steady trend similar to the room-temperature tensile properties. The YS and the UTS declined by 7% and just over 22% with increasing the percentage of cold rolling from 5 to 35%. Loss of the tensile properties at 760°C is significantly high than at room temperature since the semi-coherent interface between ε-hcp and γ-fcc is more unstable at 760 °C [17] .
Changes in elongation with the percentage of cold rolling at 760 °C are presented in Fig. 8 . The total elongation decreased by decreasing of the percentage of cold rolling.
Fig. 7. High temperature (760 °C) tensile properties of cold rolled and annealed
Haynes 25 alloy at 1230 °C for 30 min. In the articles by Asgari et al. [13] and Wang et al. [25] on Haynes 25 and MgNd-Zn alloy respectively, the authors have attributed serrated flow to Suzuki effect that causes solute atoms segregation to stacking faults. Haynes 25 superalloy contains Cr and W that stabilize hcp phase [1] . During annealing, W and Cr prefer to segregate into stacking faults to low SFE. The stacking faults are widened, which increases the superalloy strength with forming atomic atmosphere around partial dislocations and pinning them, but the number of solute atoms must meet the effective pinning demands. Therefore, the process lasts some time. Following this, by exerting more stress, dislocations suddenly leave the atmosphere in some cases and stress decreases rapidly with the mobile dislocations, getting free from solutes atmosphere. However, because of high temperature and consequently high diffusion, Suzuki effect can occur repetitively [13, 25] . This mechanism results in creating the first type of serration in the tensile stress-strain curve.
Once the ε-hcp phase forms in γ-fcc structure, SFE declines. This reduction in SFE stimulates increase in stacking faults density. As a result, the prospect of overlapping of stacking faults on {111} planes increases and it is more likely to form mechanical twins during deformation [17] . Moreover, low SFE results in more difficult sliding during deformation [26] . Hence, because of insufficient slip systems mechanical twins are probably created and more deformation comes about. In such manner, the formation of the mechanical twins can be a reason for appearing second type of serration in stress-strain curve.
As shown in Fig. 9 , the number of serrations in 5% cold-rolled sample is relatively higher than 20% cold-rolled sample which may be the consequence of higher dislocations density.
Conclusions
1) By increasing the amount of deformation from 10 to 30%, the lower initial time is needed to finish the recrystallization at 1230 °C. Increasing the annealing time from 20 to 30 min resulted in grain coarsening in 30% coldrolled sample. However, in 10% cold-rolled sample, the average grain size decreased by 33% over this period of time. Moreover, the rate of grain growth remained approximately stable for all cold-rolled samples in the time range from 30 to 120 min that can be explained in terms of Zener pinning of grain boundaries. 2) In 20, 30 and 35% cold-rolled samples, after annealing at 1230 °C, the hardness was not affected by grain growth in the range of from 30 to 120 min and in spite of grain coarsening it is increased in the range from 20 to 120 min. The main cause of the increase in hardness can be related to the formation of ᶓ -hcp phase in the γ-fcc matrix in heated cold-worked alloy. 3) After annealing at 1230 °C for 30 min, by increasing the percentage of cold rolling both the yield strength and the ultimate tensile strength at room temperature and 760 °C firstly declined and then remained relatively stable. This can be related to SIMT phenomenon. In fact, grain boundaries and annealing twin boundaries act as nucleation sites for SIMT development during cold working. By formation of ε-hcp phase, crack nucleation and propagation can occur along the interface between the fcc and the hcp phases; therefore, tensile properties decrease. 4) The total elongation of the cold-rolled specimens after annealing at 1230 °C for 30 min decreased by 20% with increasing the percentage of cold-rolling from 10 to 35% at room temperature. It is due to existence of the strain fields at the semi-coherent interface between ε-hcp and γ-fcc phases that create a barrier to dislocations motion and thus deformation hardly occurs.
